The conjugation of ubiquitin to proteins plays an important role in the regulation of numerous cellular processes. [1] Deregulation of this pathway has been associated with different human disorders including cancer and neurodege nerative diseases.
The conjugation of ubiquitin to proteins plays an important role in the regulation of numerous cellular processes. [1] Deregulation of this pathway has been associated with different human disorders including cancer and neurodege nerative diseases. [2] For ubiquitylation, ubiquitin is initially activated by a ubiquitin activating enzyme (E1) at the expense of adenosine triphosphate (ATP; see Figure 1 a) to form a thioester bond between the C terminal glycine of ubiquitin and the catalytic cysteine residue of E1.
[3] Subse quent transfer to a cysteine residue of a ubiquitin conjugating enzyme (E2) initiates the conjugation of ubiquitin to a target protein (mostly to a lysine residue by means of an isopeptide bond), a process which in many cases requires the help of a ubiquitin ligase (E3).
[3] As UBA1 is one of only two known human E1 enzymes for ubiquitin, [4] modulation of its activity may prove beneficial in the treatment of certain disorders. Hence, assays for studying the activation of ubiquitin by UBA1 directly and without the interfering effects of the downstream enzymatic cascade are important tools to analyze UBA1 activity and identify modulators of this enzyme.
So far, only a few assays that directly measure E1 activity have been described. [5] However, these are laborious and not suitable for the continuous monitoring of E1 activity. In fact, until now no assay is available that allows the direct detection of ubiquitin activation in real time and that, for example, can be easily used to screen for E1 effectors. We, therefore, decided to elaborate on a conceptually novel assay: real time detection of ubiquitin activation by monitoring the cleavage of an ATP analogue (Figure 1 b ) that harbors two different fluorophores with the potential to undergo Fçrster resonance energy transfer (FRET). In the envisioned doubly labeled ATP analogue, excitation of the fluorescence donor (D) leads to transfer of the excitation energy to the fluorescence acceptor (A) whose fluorescence is monitored. Upon cleavage of the a/b anhydride bond of ATP, FRET is no longer possible and, thus, direct emission of the fluorescence donor can be detected. In this way, E1 activity results in a large change of fluorescence characteristics of the ATP analogue. Similar approaches based on the cleavage of FRET cassettes have been used for studying other hydro lyzing enzymes like proteases.
[6]
For the envisaged time resolved ATPase sensor (TRASE) approach two fluorophores have to be attached to ATP. As the N6 position of ATP has been proven to be an attractive site for modifications without compromising UBA1 activity, [7] the second modification has to be placed at the phosphoanhydride chain so that the two fluorophores are spatially separated upon cleavage. As earlier studies revealed that phosphate esters of ATP are stable, [8] we tested g modified triphosphate II and d modified tetraphosphate III in promoting the autoubiquity lation of E6AP, a reaction that involves UBA1 and the E2 enzyme UbcH5b (Figure 2 a,b) . E6AP is an E3 ligase that has been causally associated with the development of three different human disorders: cervical cancer, Angelman syn drome, and autism spectrum disorders. [9] As only the UBA1 reaction is ATP dependent, the appearance of polyubiquity lated E6AP (E6AP Ub), which does not significantly migrate in the applied gel electrophoresis, [10] and consequently [ (Figure 2 b) . Again it was observed that III is more efficiently processed than II.
With this information in hand, we next synthesized the doubly labeled ATP analogue IV (Figure 2 c) . The fluorophores Sulfo Cy3 and Sulfo Cy5 were chosen, as they are especially well suited for FRET applications at short donor acceptor distances. [11] Our synthesis started with triphosphate 1. [7] Modification of the phosphate chain was accomplished by activating the triphosphate with 1 ethyl 3 (3 dimethylaminopropyl) carbodiimide (EDC) and subsequent addition of 6 azidohexylphosphate giving compound 2 in 23 % yield. Cleavage of the trifluoroacetamide (TFA) protecting group with sodium hydroxide, followed by coupling of the Sulfo Cy5 N hydroxysuccinimide (NHS) ester at pH 8.7 resulted in the singly labeled molecule 3 in 23 % yield. This could be further transformed by reduction of the azide with tris (2 carboxyethyl)phos phine (TCEP) giving compound 4 in 74 % yield followed by coupling of the Sulfo Cy3 NHS ester to obtain final compound IV in a yield of 61 %.
After validation of the fluorescence properties of IV in a phosphodiesterase assay ( Figure 2 d and Fig  ure S1 in the Supporting Information), IV was tested as an ATP surrogate to be accepted by UBA1. Indeed, UBA1 used IV as a substrate as indicated by the appearance of ubiquitylated E6AP (Figure 2 b) . Anal yses of the levels of free ubiquitin revealed that far less ubiquitin was conjugated to E6AP in the presence of IV than in the presence of ATP. Furthermore, a titra tion experiment indicated that at least 250 mm IV is needed to reach a maximal reaction rate ( Figure S2 in the Supporting Information). This shows that the K M value of IV is also considerably higher than that of ATP (4.7 AE 1.0 mm). [12] However, in view of the modi fication this is not unexpected.
Finally, we used IV to monitor ubiquitin activation by UBA1 in real time in the absence of any other enzyme. We incubated IV and ubiquitin with different concentrations of UBA1 in a 384 well format and followed the fluorescence signal (Figure 2 e) . We observed a time dependent linear increase of the fluorescence intensity of the fluorescence donor Sulfo Cy3 at 590 nm at all UBA1 concentrations tested. The rise in fluorescence correlated well with the concentration of UBA1 used ( Figure S3 in the Supporting Information) demonstrating the practic ability of our approach.
Next, we checked if the ATP analogue IV opti mized for UBA1 can also be used to study other E1 enzymes of ubiquitin like modifiers (Ubls). [13] Therefore, we investigated the activation of NEDD8 by APPBP1/ UBA3 [13, 14] and SUMO1 by SAE1/SAE2 [13, 15] in the presence of IV (Figure 3 a) . Indeed, all three E1 enzymes can be studied by TRASE as indicated by the rise of fluorescence intensity in the presence of the cognate Ubls. Furthermore, E1 activity could only be observed when the correct E1 Ubl pair was used.
To further explore the applicability, we tested the potential influence of E2 enzymes on E1 activity. As shown in Figure 3 b, we observed an increase in the activity of the different E1s in the presence of their cognate E2s, while the E1s were not stimulated by noncognate E2s. Thus, TRASE provides a simple tool to determine the specificities of E2s for E1 enzymes and in general, to identify positive and negative effectors of E1s.
Inhibitors of UBA1 have been proposed to be potentially useful in the treatment of certain types of cancer. [16] However, only a few UBA1 inhibitors have been described, [16 18 ] which may be due to the fact that robust assays for directly monitoring UBA1 activity in a high throughput format have not been available. Indeed, previous screens to identify UBA1 inhibitors either relied on cell based assays that monitor the degradation of ubiquitylated target proteins [18] or used the detection of ubiquitin chains in vitro. [19] In these assays inhibition of all downstream enzymes of the ubiquitylation cascade has to be excluded during cumbersome hit validation. In contrast, TRASE monitors UBA1 activity directly (in the absence of any downstream enzyme or reagent) and, thus, appears to be ideally suited to identify specific UBA1 inhibitors. Furthermore, since the assay provides multiple time resolved data points, compounds that unspecifically affect the fluorescence characteristics of IV can be easily excluded.
To show the applicability of TRASE for identifying UBA1 inhibitors, we screened 1279 compounds that are either natural products or FDA approved drugs. This resulted in the identification of five hits that inhibit UBA1 activity to at least 90 % (see also Figures S4 and S5 in the Supporting Information). Further characterization using the TRASE assay revealed that one compound, b lapachone (Figure 4 a) , inhibits E1 activity with an IC 50 of (1.62 AE 0.13) mm (Fig  ure 4 b) . This compound is also able to inhibit autoubiqityla tion of E6AP with a similar IC 50 of (1.59 AE 0.07) mm (Figure 4 b and Figure S6 in the Supporting Information). b Lapachone is known to have anticancerogenic and pro apoptotic effects on different cancer cell lines, [20] but has not yet been associated with inhibition of the ubiquitylation pathway. To obtain evidence that b lapachone interferes with E1 activity in a physiologically relevant setting, we decided to investigate the inhibitory potential of b lapachone in Xenopus laevis egg extract, [21] which represents a valuable system to study the function of the ubiquitin pathway in regulating cell cycle progression. The metaphase arrested extract was pretreated with b lapachone or DMSO in an experimental setup that is commonly used for these kinds of assays. [22] By addition of calcium, the metaphase arrest of the extract was relieved resulting in the activation of the E3 ubiquitin ligase Anaphase Promoting Complex/Cyclosome (APC/C) [23] and, conse quently, in the destruction of cyclin B. Indeed, in the presence of DMSO, cyclin B levels decreased indicating that it was ubiquitylated and subjected to proteasomal degradation (Figure 4 c) . In contrast, the signal for cyclin B remained detectable for a prolonged time in the extract treated with b lapachone. Thus, these data suggest that b lapachone prevents the destruction of cyclin B by inhibiting the loading of E1 with ubiquitin in Xenopus laevis egg extracts.
In summary, with TRASE we present a conceptually new method to monitor the activity of the ATP consuming enzyme UBA1. The method is based on fluorogenic ATP analogues undergoing a large change in fluorescence charac teristics upon enzymatic processing. The method can be used to monitor and quantify the activation of ubiquitin and ubiquitin like proteins by their cognate E1s in the absence of the downstream enzyme cascade in real time in a facile and parallel fashion. Additionally, the presented approach is applicable to study effects of protein interactions on activity as exemplarily shown for E1 E2 interactions. This opens the perspective, for example, of using TRASE to screen for small molecules acting on E2 enzymes. Furthermore, we show that the method is well suited for high throughput screening endeavors and identified b lapachone as a novel inhibitor of UBA1. Finally, the presented assay may not only be useful for identifying positive and negative effectors of E1 enzymes, but also holds the potential for studying other ATP cleaving enzymes.
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